Allelopathy is an important ecological mechanism in natural and managed ecosystems. Its study is critical to understand natural plant behaviors, to isolate allelochemicals with herbicide potential, and to use the allelopathic genes in transgenic studies. Poaceae is an ecologically dominant plant family and it is economically important worldwide because its chemical diversity represents an important source to discover new molecules. From this viewpoint, Brazil is an interesting place to study, encompassing 197 genera of the Poaceae family, many of them being dominant in various biomes and some being native to Brazil. Here, we review the literature describing allelopathic activities involving grasses of the Poaceae family. We evaluate the experimental conditions used in these studies, we identify the allelochemicals involved, and, finally, we assess the applicability of allelopathy. Our main findings are (1) among the 47 Brazilian species studied for their allelopathic effects, only Bothriochloa barbinodis, Bothriochloa laguroides, Paspalum notatum, and Paspalum urvillei are native to Brazil; (2) 51% of the reviewed studies prepared extracts from the leaves and used lettuce as the target plant; and (3) 64% of the papers identified allelochemicals, of which 67% were phenolic acids. This first bibliographical survey on allelopathy in Poaceae species present in Brazil shows that less than 3% of the Brazilian species have been studied, suggesting it is an incipient research subject. Since this plant family is a valuable source of unknown natural products, refining such studies should contribute to a better understanding of the ecosystem relationships. Identification and isolation of grass allelochemicals should promote environmentally safer compounds with bioherbicide properties, in sustainable agriculture.
Introduction
The influence of some plant species on the growth of others in their vicinity remained an unexplained phenomenon (Rodrigues et al. 1992) until Theophrastus (300 B.C.) conceptualized it as allelopathy (Reigosa et al. 2013) . In 1974, Elroy L. Rice defined allelopathy as the effect of one plant on another via the release of chemical compounds into the environment (Rice 1984) . Currently, the most accepted concept of allelopathy is as "any process involving secondary metabolites produced by plants, algae, bacteria, and fungi that influence the growth and development of agriculture and biological systems" (Ias 1996) .
Allelopathy is an important ecological mechanism in the natural and managed ecosystems. It is a phenomenon that influences the primary and secondary plant succession, encompassing all successional stages (Reigosa et al. 1999) ; the structure and composition of plant communities and the dynamics between different formations ; the dominance of certain plant species that affect the local biodiversity (Reigosa et al. 1999) ; and agriculture, which is the target of most studies (Chou 1989) . Considering the importance of allelopathy, several studies have been conducted on the subject, a great majority of which focused on species of economic interest. Allelopathic studies in Brazil also focused on agroecosystems, especially with cultivated and weedy plants. On the other hand, considering the territorial extent and the diversity of the Brazilian flora, studies on the allelopathic potential of native species are scarce (Ferreira et al. 1992) .
The Poaceae family is ecologically the most dominant and economically the most important family in the world (Heywood 1978) , with approximately 793 genera and 8,000-9,000 species (Sánchez-Moreiras et al. 2004) . In Brazil, this family is represented by 197 genera and 1,368 species, many of which are native and dominant in several Brazilian biomes. However, despite the representativeness of this family, the knowledge about allelopathy and the allelochemicals present in these species is limited (Fig. 1) .
In order to investigate works related to the allelopathic potential of Poaceae species present in Brazil, research literature were searched in the databases of Science Direct, the Portal of Periodicals of Capes (Coordination for the Improvement of Higher Education Personnel), and the Academic Google. For the search purpose, the following keywords were used: "allelopathy," "allelochemicals," "phytochemistry," "chemical compounds," and "bioprospecting," besides the genera of Poaceae species present in Brazil, as described by Boldrini et al. (2010) and Pillar et al. (2009). 2 Poaceae genera native to Brazil with allelopathic effect A total of 44 papers referring to 47 species were found for works related to the allelopathic effect of grasses present in Brazil (Table 1) . Of these, 31 species occur in Brazil, but only four are native to the country, which include Bothriochloa barbinodis, Bothriochloa laguroides, Paspalum notatum, and Paspalum urvillei. The fact that only 2.56% of the Brazilian species have been studied in terms of their allelopathic potential shows that this area is still incipient for the Poaceae, especially, for the species native to the country.
Despite the popular belief of several authors that scientific studies on allelopathy has been successful in recent years (Reigosa et al. 2013) , most studies so far refer to the interaction between crops and weeds and only few to the grasses native to Brazil.
Among the genera studied, Bothriochloa stands out as the most studied in relation to the allelopathic effect of its species, for which seven works were found (Table 1) . Allelopathy in species of this genus is attributed to the production and release of essential oils and richness in sesquiterpenes and monoterpenes (Scrivanti 2010 ).
Experimental conditions

Plant organs used to prepare extracts
We found that most of the studies have investigated the allelopathic properties of the leaves of the Poaceae species. Only a small minority investigated seeds, inflorescences, and pollen (Fig. 2) . These data are in agreement with those reported by Reigosa et al. (2013) , who investigated the works of allelopathy in Brazil. According to them, the preference for leaves may reflect the fact that it is certainly easier to collect leaves than other parts and that leaves represent a large part of the Setaria faberi Leaves, stem, and roots Medicago sativa
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Germination, coleoptile length and seminal roots An et al. (1996) a Species present in Brazil b Species native to Brazil litter produced by the vegetation biomass that directly impacts the growth of the seedling. The leaves are considered to be the most metabolically active organ of a plant and, therefore, it is reasonable that they present greater diversity of allelochemicals and, consequently, greater allelopathic effect (Ribeiro et al. 2009 ). However, it is known that allelochemicals can be produced in different organs of a plant, including the stems, roots, flowers, and seeds (Parvez et al. 2003; Weston and Duke 2003) , with varying concentrations from one organ to another (Hong et al. 2004 ). However, for grasses, the evidence indicates that the aerial part, followed by the roots and seeds, are the main sources of potentially allelopathic substances (Souza Filho 1995) .
In seed allelopathy, it is worth considering that the seeds of several forage grass that contain phytotoxic compounds may inhibit the germination of other seeds in their vicinity, compromising the germination and establishment of one or more species in the mixture, which in turn compromises the performance of the pasture (Souza Filho and Alves 1998).
Target species
The effect of grass extracts was tested in different target species, including lettuce (Lactuca sativa) (Table 2), followed by cultivated species such as maize (Zea mays), wheat (Triticum aestivum), and alfalfa (Medicago sativa). Lettuce is considered as a bioindicator plant and has been used in several allelopathy researches because it presents with rapid germination and uniform initial growth, which are desirable attributes for experiments that compare the effects of different treatments (Reigosa et al. 2013 ).
Most of the past studies have evaluated the allelopathic effect of grasses on cultivated species, followed by native, forages, and invasive plants (Fig. 3) . In the ecological context, once the allelopathy of a species is verified, this effect can be tested in species that live together in the field, as only then can the applicability of allelopathy and the interaction with neighboring plants be inferred. As pastures are constituted of several types of grasses, it is interesting to examine the allelopathic effect in other forage plants or in weeds.
Evaluation of allelopathic effect
The most common physiological parameters used to identify the allelopathic effects of grasses were germination (41.35%), followed by the root length (27.89%) and shoot length (15.38%) ( Table 3) . Although germination is largely considered to be less sensitive to the presence of allelochemicals (Oliveira et al. 2012) , it is the most commonly used attribute in evaluations of allelopathy. As for the vegetative structures, the allelopathic effect is most observed in the root system (Yamagushi et al. 2011 ). However, the allelopathic effect is often not evident in the germination process or during the initial growth of the seedlings; therefore, the evaluation of the appearance of abnormalities becomes a valuable tool to Fig. 3 Classification according to the use of target species in Poaceae allelopathy bioassays study allelopathy (Ferreira and Aquila 2000) . However, of all the studies evaluated, only 0.96% studies analyzed the presence of abnormalities in the target species, which may have underestimated the allelopathic effect of the tested plants.
Most of the research reported so far has been conducted under laboratory conditions or under controlled conditions. Although such studies are important for isolating variables and identifying the true factors involved in plant interactions, there is a need for further studies to describe the allelopathic properties of plants under natural conditions.
Based on this requirement, the type of research on allelopathy can be divided into two main categories: (i) the one that follows the concepts of an ecological approach, corresponding to studies on phenomena occurring in natural ecosystems (allelopathy sensu stricto) and (ii) the other one that follows the criteria and commercial and economic interests corresponding to studies based on interactions between cultivated species that do not occur naturally in the same habitat (applied allelopathy). In the first category, preliminary or complementary laboratory studies could replicate, under controlled conditions, the expected effects of rain or dew on substance leaching, mimicking the events in natural environment. In fact, the species under study should coexist in the same habitat (Reigosa et al. 2013) .
Due to the complexity of this kind of study, only limited studies have successfully "completed the cycle" or, in other words, have shown the production of a specific metabolite by the allelopathic (donor) plant, its journey through the environment (soil, water, or atmosphere), its arrival at the target, and its influence on the affected (recipient) plant (Reigosa et al. 2013 ).
Allelochemicals in Poaceae genera native to Brazil
For the successful application of allelopathic properties of a plant, the identification of allelochemicals is required (Bhadoria 2011) . In this bibliographical survey review, only thirty (30) papers were found on the identification of allelochemicals in 23 genera and thirty (30) species of Poaceae present in Brazil (Table 4) . Among the species studied, 22 occur in Brazil and only one is native to this country, namely, Merostachys riedeliana ( Table 4 ).
Chemicals that establish allelopathic influence are called allelochemicals and they are divided into classes, viz., water-soluble organic acids; simple unsaturated lactones; long-chain fatty acids and polyacetylenes; naphthoquinones, anthraquinones, and complex quinines; simple phenols; benzoic acid and derivatives; cinnamic acid derivatives; coumarins; flavonoids; condensed and hydrolysable tannins; terpenoids and steroids; amino acids and polypeptides; alkaloids and cyanohydrins; sulphides and glycosides; and purines and nucleosides (Rice 1984) . Although allelochemicals may belong to any of these classes, they generally belong to the terpenoids (Llusià et al. 1996) , phenolic compounds (Li et al. 2010) , and alkaloids (Levitt and Lovett 1985) , which are mainly responsible for allelopathy (Trezzi 2002; Taiz and Zeiger 2013) .
The allelochemicals present in the Poaceae are diverse, ranging from phenols to quinones. The most clearly identified compounds of these can be broadly divided into four groups: phenolic acids, hydroxamic acids, alkaloids, and quinones (Sánchez-Moreiras et al. 2004) . In this review, despite the great diversity of compounds (Table 4) , the main allelochemicals were found to belong to the group of phenolic acids, flavonoids, alkaloids, and terpenoids, with a predominance of phenolic acids (67%) (Fig. 4) probably due to the methodological facility adopted to identify these compounds.
The plant that releases allelochemicals is known as the donor plant, whereas the plant that is influenced by the release of the allelochemicals is termed as the target plant or a recipient plant (Inderjit and Duke 2003) . The release of the allelochemicals by the donor plant can happen through leaching, volatilization, and decomposition of the plant material or by release from the roots (Bhadoria 2011) .
From the release process of the allelochemical by the donor plant to the effect in the recipient plant, several factors can influence the allelopathic activity. However, for the optimal use of allelopathy under field conditions, the influence of environmental factors needs to be investigated. In this context, the soil factor can be said to be the most important (Bhadoria 2011) .
Understanding the effect of the relationships as well as the release form of the allelochemicals is crucial for designing alternatives for possible applications of these compounds. The first step is to know the potential of the species as well as to identify the compounds responsible for allelopathy. In this sense, a positive aspect observed in the last decades was that there was an increase both in the number of studies related to Brazilian Poaceae allelopathy and in those that isolated and identified allelochemicals from these species. In a review of allelopathy surveys conducted in Brazil, Reigosa et al. (2013) benzoic, benzeneacetic, 3, salicylic, isovanillic, protocatechuic, syringic, gallic, ferulic, vanillylmandelic , and 4-metylmandelic acids; orientine; isovitexine Torres et al. (2014) Miscanthus sinensis Caffeic, p-coumaric, and ferulic acids Parveen et al. (2013) Miscanthus sacchariflorus Syringic, p-coumaric, ferulic, dihydroxybenzoic, and vanillic acids Parveen et al. (2013) 
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Alkaloids, flavonoids, saponins, tannins, terpenoides, phenols Shivakoti et al. (2015) Spartina alterniflora Adipic acid, isohexyl methyl ester, hexadecanoic, dibutyl phthalato, and octadecanoic acids Zheng et al. (2011) reached the same conclusion, that is, the last two decades has witnessed a proliferation of studies on the allelopathic properties of species introduced or cultivated in Brazil. These authors reported an evident increase in the number of publications, attributing it to the growing interest not only in allelopathic interactions in natural ecosystems and agroecosystems but also in products that can be derived from allelochemicals, such as natural herbicides and growth regulators. The studies referring to the simple allelopathic activity of Brazilian Poaceae outnumber those that identify the allelochemicals (Fig. 5) owing to the comparatively greater ease, practicality, and lower costs of operations involved. In addition, bioprospecting for secondary metabolites in plants requires prior knowledge of biochemistry and molecular signaling among organisms, making them lengthier and more difficult to execute.
Although the search was made only for grasses present in Brazil, few of the works found in the survey performed the researches in this country. With respect to the allelopathy experiments, only 20% of the studies were performed in Brazil and a smaller percent (2%) of the allelochemical studies were developed in the country. This observation indicates that allelopathy in Brazil is an area of recent knowledge with much scope to expand.
Allelopathy and its applicability
Considering that Brazilian Poaceae can be found mainly in natural fields and cultivated pastures, it should be emphasized that allelopathy may play two extremely important roles in the pasture areas: (1) act as a management tool and (2) act as a supplier of basic structures for the production of bioherbicides (Souza Filho and Alves 1998) .
Bioherbicides are environmentally safe alternatives, sources of new mechanisms of action, and have a structural diversity that has been attracting the attention of companies and researchers. Although research in the field of allelopathy, which aims at the search for bioherbicides, is only a recent process, some examples of natural compounds with potential use for weed control has already been established. For instance, in the case of Poaceae, the products 2-benzoxazolinone (BOA) and 6-methoxy-2,3-benzoxazolinone (MBOA) can be highlighted (Macías et al. 2007 ). In addition, we highlight sorgoleone-a lipid benzoquinone exuded from sorghum roots (Sorghum bicolor L.)-that reduces weed growth through its action on the PSII (Hejl and Koster 2004) by inhibiting the enzyme H + -ATPase in the roots. Sorgoleone affects the absorption of ions and the water balance of the plant, reducing its water absorption capacity (Soltys et al. 2013 ). It acts in a similar way to herbicides of the triazine class such as atrazine (Gniazdowska and Bogatek 2005) .
On the other hand, allelopathy is important for the use of plants that control certain undesirable species (Resende et al. 2003) . In this context, the identification of allelopathic forages and the knowledge of the mechanisms by which they exert their effects on the environment are of great importance as they provide a more adequate management of these plants in order to increase productivity and the persistence of pastures (Resende et al. 2003) . , benzoic, protocatechuic, succinic, 3,4-dymetoxyphenol, syringic, hydrocaffeic, p-hydroxybenzoic, vanillic, p-hydroxyphenyl acetic, gentisic, p-coumaric, ferulic , and hydrocinamic acids; coniferyl alcohol; hydroquinone; catechol An et al. (2001) a Specie native to Brazil
The reductions affected by forage grasses on the germination and development of the weeds assume an important aspect from the ecological perspective, because, with the decrease in the germination of the seeds, a reduction in the number of undesirable plants in the area were noted, thus reducing the competition power of these plants for water, light, and nutrients. Moreover, with the reduction in the development of the root system, the weeds have reduced their aggressive capacity. As a consequence of these two aspects, there is a greater possibility of establishing denser stands of desirable plants in cultivated pasture areas (Souza Filho and Alves 1998).
In the last few years, some studies involving the analysis of allelopathic activity have been developed with different species of forage grasses (Souza Filho et al. 2005) . Studies involving forage grasses Brachiaria humidicola, Brachiaria decumbens, and Brachiaria brizantha cv. Marandu showed potentially allelopathic effects on the desmodium pastures (Desmodium adscendens), arrowleaf sida (Sida rhombifolia), and assa-fish (Vernonia polyanthes) (Souza Filho et al. 1997) . The use of cover crops for the control of weeds is one of the earliest examples of the economic use of allelopathy. In addition to the suppressive effect of weeds, mulching has important effects on soil conservation and the maintenance of soil moisture (Medeiros 1989) .
Considering these points, allelopathy assumes an important aspect from the point of view of pasture management as it allows not only the identification of forage species that can exert a certain level of control of certain undesirable species but also the establishment of grasses and legumes that are not strongly allelopathic to each other and which can compose more balanced pastures, with extremely favorable effects on their productivity and longevity (Wardle 1987) . The difficulty in managing these two groups of physiologically different plants is one of the factors that prevent the establishment of intercropped pastures in several places across Brazil. Therefore, before recommending consortia with known species, it would be advisable to evaluate the allelopathic potential of the species considered (Rodrigues et al. 1992) , considering that the allelopathic potential of the grasses can compromise the persistence of a legume in a consortium (Souza Filho and Alves 1998) .
Another important role that allelopathy may play in terms of pasture management strategies and other crops is the possibility of obtaining pest-and disease-resistant species of plants. This bias opens up from the perspective of genetic transfer-through the manipulation of DNAof this ability of a plant without major agronomic interests to a forage species of great interest to livestock, in which this characteristic was absent. The current phase of global research presents with practically no results in this regard. However, given the importance of this line of research, it is essential that studies be conducted in this sense (Souza Filho and Alves 1998) .
The main problem in allelopathy works is to probe this phenomenon. It often happens due to the difficulty in separating allelopathy from competition. According to Duke (2015) , most articles that claim to demonstrate allelopathy do not prove that it occurs. They only demonstrate that a crude extract of a plant species suspected to be allelopathic, or one or more compounds from such a plant, are phytotoxic in unrealistic bioassays that maximize the effects of the phytotoxin. This can be a first step in the proof of allelopathy, but all plants produce compounds that are weakly phytotoxic in simple bioassays conducted in the absence of soil. A successful demonstration of an allelopathic interaction has three components: (1) an ecological component-a demonstration that it exists in nature; (2) a chemical component-isolation, identification, and characterization of allelochemicals involved; and (3) a physiological component-identification of the interference mechanism at the biochemical, physiological, cellular, and molecular level (Inderjit and Weston 2000) . Besides the difficulty of proving allelopathy, the studies that have been developed do not have an adequate standard methodology, which makes it difficult to compare them.
Conclusion
The allelopathic properties of Poaceae species present in Brazil are poorly studied. Moreover, most of the species described in studies as belonging to the genera native to Brazil are not actually native to the country. Most of the reported work was performed only under laboratory conditions with leaf extracts, using lettuce as a target plant and by evaluating simple growth characters such as germination. The number of papers that identified or isolated allelochemicals in Poaceae is lower than those that simply tested the allelopathic effect. Among the species studied, the great majority of identified allelochemicals belong to a group of phenolic acids. A fewer number of studies identified compounds responsible for allelopathy, reflecting the complexity and costs of this type of study.
Despite the increase in the number of studies on allelopathy in recent years, the fact that only a minority of these works have been performed in Brazil is worrisome as the information about the chemical composition and biological properties of native Poaceae is limited. Allelopathy is important to explain interactions both in the composition of natural ecosystems and in the interaction between cultivated and invasive plants. Therefore, to understand this phenomenon and to identify allelochemicals, it is fundamental to understand the natural behavior of plants and managed pastures, besides bioprospecting for allelochemicals with potential herbicide value. In addition, there is a need for further genetic and molecular studies of allelopathic plants toward increasing their protection against competitors as well as to identify allelopathic genes that can be used in transgeny.
